Ab initio modified Gaussian-2 G2M͑RCC,MP2͒ calculations have been performed for various isomers and transition states on the singlet C 4 H 4 potential energy surface. The computed relative energies and molecular parameters have then been used to calculate energy-dependent rate constants for different isomerization and dissociation processes in the C 4 H 4 system employing RiceRamsperger-Kassel-Marcus theory and to predict branching ratios of possible products of the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 , C͑ 1 D͒ +H 2 CCCH 2 , and C͑ 1 D͒ +H 3 CCCH reactions under single-collision conditions. The results show that C 2 adds to the double C v C bond of ethylene without a barrier to form carbenecyclopropane, which then isomerizes to butatriene by a formal C 2 "insertion" into the C-C bond of the C 2 H 4 fragment. Butatriene can rearrange to the other isomers of C 4 H 4 , including allenylcarbene, methylenecyclopropene, vinylacetylene, methylpropargylene, cyclobutadiene, tetrahedrane, methylcyclopropenylidene, and bicyclobutene. The major decomposition products of the chemically activated C 4 H 4 molecule formed in the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction are calculated to be acetylene+ vinylidene ͑48.6% at E col =0͒ and 1-buten-3-yne-2-yl radical
I. INTRODUCTION
Various isomers of the neutral C 4 H 4 molecule in its ground singlet electronic state and their mutual rearrangements have fascinated chemists for a long time. The C 4 H 4 isomers not only have "aesthetic appeal" to organic chemists, 1 but also are of great chemical significance, as many of them represent prototype molecules of large and important classes of hydrocarbons. For example, vinylacetylene ͑butenyne͒ is the smallest hydrocarbon, which contains at least one triple, double, and single C-C bonds, whereas butatriene is the second smallest cumulene ͑following allene͒. Cyclobutadiene is the simplest cyclic polyene and plays a pivotal role in the theory of aromaticity. Tetrahedrane is the simplest of polyhedranes or platonic hydrocarbons and should demonstrate the effects of extreme angle strain. There have been numerous experimental and theoretical reports on the C 4 H 4 isomers, including vinylacetylene, 2 butatriene, 3, 4 cyclobutadiene, 5, 6 cyclobutyne, 4,7 methylenecyclopropene, 8 and allenylcarbene. 9 For instance, cyclobutadiene was first obtained in the 1960s by Watts et al. 5 as a reaction intermediate, which immediately dimerizes, but can exist as a stable monomer with bulky substituents. 10 Terahedrane itself has not been obtained so far, but it was synthesized in 1978 with four tert-butyl substituents. 11 There has been a long theoretical discussion in the literature on whether cyclobutyne can exist as a local minimum on the C 4 H 4 singlet potential energy surface, 4,7 but our recent calculations 12 have shown that singlet cyclobutyne represents a transition state with one imaginary frequency and thus cannot survive. Chemical reactions on the C 4 H 4 potential energy surface ͑PES͒ are also of great importance, in particular, to combustion and interstellar chemistry. The resonance-stabilized C 4 H 3 radical may be a precursor of the first aromatic ring in hydrocarbon flames, because its reaction with acetylene can lead to a phenyl radical. [13] [14] [15] [16] [17] [18] The formation of the first aromatic ring is believed to be the rate-determining step for the formation of polycyclic aromatic hydrocarbons ͑PAHs͒, soot, as well as fullerenes in the combustion of aliphatic fuels 13, 19 and in the interstellar medium. C 4 H 3 can be produced in the thermal decomposition of vinylacetylene 20 or in the reaction of acetylene with its vinylidene isomer, 21 in the reaction of dicarbon molecules with ethylene, 12 or in the reaction of carbon atoms with C 3 H 4 isomers ͑allene and methylacetylene͒. 22, 23 All these reactions take place on the same C 4 H 4 potential energy surface. The reaction of C 2 with ethylene is of special interest because dicarbon molecules have been identified in a variety of terrestrial and astrophysical environments from the high temperature flames 24 to the low temperature conditions of the interstellar clouds. 25 The kinetic studies of some reactions of C 2 in its ground singlet 1 ⌺ g + and first excited 3 ⌸ u states have been reported, [26] [27] [28] [29] in which the disappearance of the C 2 reactants was followed. The C 2 +C 2 H 4 reactions appeared to be very fast, 27 ,29 but these kinetics investigations were not able to provide reliable information on the reaction products, which have been always assumed to be C 2 H+C 2 H 3 or C 2 H 2 +C 2 H 2 , and their relative yields. Recent crossed molecular beams studies of the C 2 ͑ 1 ⌺ g + / 3 ⌸ u ͒ +C 2 H 4 reaction have shown, however, that C 4 H 3 + H are the major products. 12, 30, 31 Nevertheless, the questions what are the branching ratios of all possible products and how do they depend on the reaction conditions still remain unanswered.
Numerous theoretical studies of the C 4 H 4 PESs have been reported in the literature. 1, 7, 12, 20, 21, 32, 33 The most detailed works include an investigation of a variety of singlet C 4 H 4 isomers and transition states at the semiempirical MINDO/3 level by Kollmar et al., 1 a BAC-MP4 study of the thermal decomposition of vinylacetylene by Melius et al., 20 ICCI calculations of PES for the acetylene+ vinylidene reaction by Walch and Taylor, 21 and our G2M study of the global triplet C 4 H 4 PES and of the mechanism of the C͑ 3 P͒ +C 3 H 4 ͑allene and methylacetylene͒ and C 2 ͑ 3 ⌸ u ͒ +C 2 H 4 reactions, 33 which were complementary to early crossed molecular beams experiments at IAMS in Taipei. 22, 23 We have also reported before a preliminary account on the mechanism of the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction. 12, 34 This work was carried out in conjunction with molecular beam studies and revealed the most favorable pathway to the i-C 4 H 3 + H products. However, in view of the recent C 2 +C 2 H 4 scattering experiments performed in a newly commissioned crossed molecular beams machine at the University of Hawaii, 30 ,31 a more detailed investigation of the C 4 H 4 singlet PES is required at an up-to-date theoretical level. In this paper, we report a comprehensive description of all singlet C 4 H 4 isomers and transition states involved in the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction and elucidate pathways leading to all possible reaction products. The information on their energetics and molecular parameters is then applied to perform statistical calculations of reaction rate constants and product branching ratios under single-collision conditions of molecular beam experiments and of their dependence on the reactive collision energy. In addition, we also consider the mechanism, rate constants, and product branching ratios of the related reactions of electronically excited C͑ 1 D͒ atom with C 3 H 4 isomers allene and methylacetylene occurring on the same potential energy surface.
II. COMPUTATIONAL METHODS
The geometries of the reactants, products, intermediates, and transition states have been optimized at the hybrid density functional B3LYP level of theory 35, 36 the active space consisting of 12 electrons distributed on 12 orbitals, ͑12,12͒, and the 6-311G͑d , p͒ basis set. This active space included all valence electron pairs, excluding those corresponding to C-H bonds, and six lowest vacant orbitals. Single-point energies were then recalculated at the more accurate CASPT2 / 6-311+ G͑3df ,2p͒ level, 41 which takes into account dynamic correlation. The active space in CASPT2 calculations was ͑8,8͒, as only the orbitals with occupation numbers between 1.98 and 0.02 were included. Meanwhile, single and double excitations from all valence electron pairs were involved in the CASPT2 expansion of the wave functions. It should be noted that we also performed CASPT2 calculations with larger active spaces ͑10,9͒ and ͑12,12͒-for the latter, electron pairs corresponding to C-H bonds were included into the core, and single and double excitations from them were not considered because of computer memory limitations-but the resulting relative energies were within ϳ1 kcal/ mol from the CASPT2͑8,8͒ values, indicating that the active space choice was adequate. The GAUSSIAN 98, 42 MOLPRO 2002, 43 and DALTON ͑Ref. 44͒ program packages were employed for the calculations. We used Rice-Ramsperger-Kassel-Marcus ͑RRKM͒ theory for computations of rate constants of individual reaction steps. [45] [46] [47] Rate constant k͑E͒ at an internal energy E for a unimolecular reaction A * → A # → P can be expressed as
where is the reaction path degeneracy, h is Plank's constant, W # ͑E − E # ͒ denotes the total number of states for the transition state ͑activated complex͒ A # with a barrier E # , ͑E͒ represents the density of states of the energized reactant molecule A * , and P is the product or products. The calculations were performed at different values of the internal energy E computed as a sum of the energy of chemical activation ͑the relative energy of an intermediate or a transition state with respect to the initial reactants͒ and the collision energy E col .
For the reaction channels which do not exhibit exit barriers, such as H atom eliminations from various C 4 H 4 intermediates occurring by a cleavage of single C-H bonds or dissociation of butatriene to two vinylidene molecules, we applied the microcanonical variational transition state theory 47 ͑VTST͒ and thus determined variational transition states and rate constants. In microcanonical VTST, the minimum in the microcanonical rate constant is found along the reaction path according to the following equation:
where q # is the reaction coordinate ͑for instance, the length of the breaking C-H bond͒, so that a different transition state is found for each different energy. The individual microcanonical rate constants were minimized at the point along the reaction path where the sum of states W # ͑E-E # ͒ has a minimum. Each of these calculations requires values of the classical potential energy, zero-point energy, and vibrational frequencies as functions of the reaction coordinate. The details of the procedure for the VTST calculations have been described earlier. 48 Assuming single-collision conditions for the reaction, master equations for unimolecular reactions can be expressed as follows:
where ͓C͔ i and ͓C͔ j are concentrations of various intermediates or products, and k n and k m are microcanonical rate constants computed using the RRKM theory. Only a single totalenergy level was considered throughout, as for singlecollision crossed-beam conditions. We used the steady-state approximation to solve the system of the master equations and to compute the product branching ratios.
III. RESULTS AND DISCUSSION
Optimized structures of various intermediates and transition states in the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction are shown in Figs. 1 and 2 , respectively. Only the most important bond lengths and bond angles are shown in these figures, whereas optimized Cartesian coordinates and vibrational frequencies of all species are presented in the supplement to this paper. 49 55 One can see that the deviations of the heats of formation of C 4 H 4 calculated here from the experimental and best theoretical data normally do not exceed 1 -2 kcal/ mol. For some of the reaction products ͓C 2 H 3 +C 2 H and c-C 3 H 2 +CH 2 ͑ 3 B 1 ͔͒, the discrepancies are slightly higher and reach ϳ4 kcal/ mol. However, as will be seen below, these particular products are not likely to be formed in the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction. In summary, the accuracy of the calculated energies is within the error bars of a G2-type method. Such accuracy should be sufficient for the purposes of the present work, i.e., for the evaluation of energy-dependent reaction rate constants and relative product yields.
Comparing relative energies of different C 4 H 4 isomers, we can see in Fig. 3 that the vinylacetylene structure 6 is the most favorable. Butatriene 2 lies only 7.3 kcal/ mol higher in energy than 6. The next isomer in the order of energetic stability is methylenecyclopropene ͑5͒, 23.4 kcal/ mol above vinylacetylene. It is followed by cyclobutadiene ͑10͒, methylcyclopropenylidene ͑13͒, carbenecyclopropane ͑1͒, tetrahedrane ͑11͒, methylpropargylene ͑7͒, and bicyclobutene ͑14͒, which reside 33.4, 35.3, 54.3, 58.7, 59 .7, and 65.7 kcal/ mol, respectively, higher in energy as compared to the most stable vinylacetylene isomer. The other C 4 H 4 isomers will be demonstrated to lie in shallow potential energy minima, and hence, to be at best kinetically metastable. As also seen in Table I , thermodynamically most favorable products of dis- sociation of C 4 H 4 are C 2 H 2 +C 2 H 2 and C 4 H 2 ͑diacetylene͒ +H 2 , followed by C 2 H 2 +CCH 2 ͑vinylidene͒, i-C 4 H 3 +H, and n-C 4 H 3 + H. However, the detailed consideration of the reaction mechanism, rate constants, and product branching ratios will show that the actual products' yield is governed by the kinetic factors rather than by their thermodynamical stability.
A. Potential energy surface
All considered isomerization and dissociation pathways on the C 4 H 4 singlet PES are illustrated on the schematic potential energy map shown in Fig. 4 , whereas the most important pathways for the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction are shown in Fig. 5 . One can see that when a singlet C 2 molecule adds to ethylene, a cyclic planar C 4 H 4 intermediate 1 ͑carbenecy-clopropane͒ is initially produced. In this intermediate, one of the carbon atoms of the attacking C 2 molecule adds to the double C v C bond of ethylene to form two new unequal single bonds ͑1.462 and 1.585 Å͒. The bond in ethylene loses its double character and becomes an ordinary C-C bond with a length of 1.492 Å. The addition occurs without an entrance barrier and is calculated to be 85.5 kcal/ mol exothermic. The bond length in the attacking dicarbon molecule stretches from 1.252 to 1.272 Å as the intermediate 1 is produced. At the next reaction step, the C 2 fragment inserts into the C-C bond of C 2 H 4 to form a much more stable D 2h -symmetric butatriene molecule ͑intermediate 2͒, which resides 132.5 kcal/ mol below the initial reactants. The 1 → 2 isomerization takes place via a C s -symmetric transition state TS1-2 and involves a cleavage of two C-C bonds in the cyclopropane ring of 1 and formation of a new bond between the out-of-ring and CH 2 carbon atoms. Eventually, on the course of this rearrangement, all three ͑remaining and newly formed͒ C-C bonds become double bonds. The calculated barrier on this pathway is 14.2 kcal/ mol relative to 1, so that TS1-2 lies 71.3 kcal/ mol lower in energy than C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 . Alternatively, intermediate 1 can isomerize directly to vinylacetylene 6 by a H shift, accompanied by the ring opening via TS1-6. However, the barrier for this rearrangement is much higher, 44.0 kcal/ mol with respect to 1.
The butatriene intermediate can decompose through three different channels. The first one is elimination of a hydrogen atom leading to the 1-buten-3-yne-2-yl radical
The structure of this radical has been discussed in detail elsewhere. 56 The H-loss step from 2 corresponds to a single C-H bond cleavage and hence occurs without an exit barrier. The strength of the C-H bond in butatriene is calculated to be 95.2 kcal/ mol, so the H 2 C v C v C v CH+H · products are 37.3 kcal/ mol exothermic as compared to the initial reactants. The second dissociation channel of 2 is the elimination of molecular hydrogen with the formation of the H 2 C v C v C v C: molecule, butatriene carbene. The H 2 loss occurs via a planar TS2-H 2 , overcoming a barrier of 88.9 kcal/ mol. The H 2 C v C v C v C: +H 2 products are about 20 kcal/ mol more exothermic than i-C 4 H 3 + H. The barrier for the H 2 elimination is 6.3 kcal/ mol lower than the "activation energy" required for the H loss from 2 ͑since no distinct exit barrier exists for the H elimination, this activation energy 
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simply coincides with the reaction endothermicity͒. However, the transition state TS2-H 2 is much tighter than loose variational transition states for the H loss and we will see in the subsequent section that the
The third possible decomposition channel of butatriene is the dissociation to two vinylidene molecules through a cleavage of the central C v C bond. This reaction pathway is highly endothermic as the CCH 2 + CCH 2 products lie only 15.7 kcal/ mol below the initial reactants and 116.8 kcal/ mol above 2. The dissociation of butatriene to two CCH 2 molecules takes place without an exit barrier.
In addition to the dissociation channels considered above, intermediate 2 can also rearrange to the cyclic methylenecyclopropene molecule ͑intermediate 5͒ by two different two-step pathways. The 2 → 5 isomerization requires a three-member ring closure and a 1,2 shift of one of the hydrogen atoms. These two processes can occur in different order, and hence, two distinct rearrangement mechanisms were found. Along the 2 → 3 → 5 pathway, the first step is a hydrogen atom 1,2 migration, which leads to the allenylcarbene intermediate 3 ͑HC
: -CHv C v CH 2 ͒. The calculated barrier for the H migration at TS2-3 is high, 72.8 kcal/ mol, and the resulting isomer 3 lies 60.6 kcal/ mol higher in energy than butatriene, but 71.9 kcal/ mol below the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reactants. 3 is only a metastable intermediate, which easily undergoes ring closure to 5 overcoming a tiny 0.5 kcal/ mol barrier at an early transition state TS3-5. The structure of HC : -CHv C v CH 2 is C s symmetric but nonplanar, with CH 2 group perpendicular to the reflection plane and two CH groups in cis position with respect to each other. The HC : -CHv C v CH 2 structure with trans arrangement of the two CH groups is not a local minimum because it has one imaginary frequency and corresponds to a transition state for degenerate isomerization of the cyclic intermediate 5 ͑see TS5-5 in Fig. 2͒ . The self-isomerization of the cyclic intermediate 5 involves 360°rotation around the CH-CH bond in the ring. The structure TS5-5 lies halfway through this rotation and so the 180°turnaround is accompanied with a cleavage of one of the HC -C͑CH 2 ͒ bonds in the ring. The rotational barrier at TS5-5 is 44.0 kcal/ mol relative to 5. The trans-HC : -CHv C v CH 2 structure ͑TS5-5͒ is 0.5 kcal/ mol lower in energy than the cis-HC : -CHv C v CH 2 configuration ͑3͒, but the former is not a local minimum, whereas the latter is. IRC calculations for TS5-5 have confirmed that this transition state is connected to 5 in both directions. One could expect that the metastable HC : -CHv C v CH 2 intermediate 3 may be a precursor of the 1-buten-3-yne-2-yl ͓i-
v CH-Cw CH͔ + H products, because, topologically, H eliminations from different positions in 3 can lead to these radicals. However, the variational transition state search for H losses from 3 converged to VTSs, which actually connect i-C 4 H 3 + H with butatriene ͑2͒ and n-C 4 H 3 + H with vinylacetylene ͑6͒. Both 2 and 6 lie in much deeper potential energy wells than 3 does and, as a result, the H additions to C 4 H 3 radicals lead to these more stable isomers rather than to 3. Therefore, we conclude that the metastable intermediate 3 would not contribute to the H elimination channels. Allenylcarbene can decompose to propargyl 
⌸͒ by a cleavage of the terminal HC v CH bond. However, this product channel is calculated to be 16.3 kcal/ mol endothermic and is not likely to be competitive even when it is energetically accessible.
Along the second possible pathway from 2 to 5 the ring closure occurs at the first step and is followed by the 1,2-H shift between two ring carbon atoms. The barrier for the ring closure is calculated to be 62.5 kcal/ mol relative to 2 and the cyclic intermediate 4 formed after this rearrangement is only a metastable local minimum. The reverse ring-opening barrier from 4 to 2 is as low as 0.2 kcal/ mol. In the forward direction, the 1,2-H shift in 4 leads to the structure 5 via a barrier of 15.1 kcal/ mol at TS4-5. A comparison of two pathways from 2 to 5 shows that 2 → 3 → 5 is energetically more favorable than 2 → 4 → 5 because the highest barrier on the former ͑72.8 kcal/ mol relative to 2 at TS2-3͒ is 4.6 kcal/ mol higher than that on the latter ͑77.4 kcal/ mol at TS4-5͒. In both cases, the 1,2-H shift is the rate-determining step. Although being metastable, the intermediate 4 can serve as a gateway to another, more kinetically stable local minimum 14, which is a bicyclic structure featuring two CH 2 fragments connected to each other via a C v C bridge and can be classified as bicyclobutene. The intermediate 14 has C 2v symmetry, lies 3.9 kcal/ mol lower in energy than 4 ͑74.1 kcal/ mol below the initial reactants͒, and is separated from 4 by a barrier of 9.9 kcal/ mol.
The three three-member ring intermediates considered so far, 1, 4, and 5, can in principle dissociate by losing a hydrogen atom, giving rise to three distinct cyclic isomers of the C 4 H 3 radical. The structures and energetics of these cyclic C 4 H 3 isomers were described earlier. 56 However, they are 29-51 kcal/ mol less stable than the most favorable i-C 4 H 3 structure and therefore the reaction channels involving the H losses from 1, 4, and 5 are much more endothermic than the formation of i-C 4 H 3 + H via butatriene 2 and are not expected to compete with the latter.
The methylenecyclopropene intermediate 5 residing 116.4 kcal/ mol below C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 can dissociate into a number of different products. First, a cleavage of two single C-C bonds in the C 3 ring can result in the formation of acetylene+ vinylidene. The C 2 H 2 + CCH 2 products reside 58.2 kcal/ mol lower in energy than the initial reactants, so the 5 → C 2 H 2 +CCH 2 dissociation is 62.1 kcal/ mol endothermic. The corresponding transition state TS5-CCH 2 is asymmetric and exhibits a rather late character, with the length of the shorter breaking C-C bond of 2.140 Å ͑Fig. 2͒. The barrier in the reverse direction, for the reaction of acetylene with vinylidene, is not very high ͑3.9 kcal/ mol͒. This value is close to the barrier height of 5.4 kcal/ mol calculated earlier for the addition of vinylidene to acetylene by Walch and Taylor at the ICCI+ Q / cc-pVTZ level. 21 Alternatively, methylenecyclopropene can dissociate directly to two acetylene molecules. In this case, the cleavage of the two C-C bonds in the ring has to be accompanied by 1,2-H migration from CH 2 to the central carbon. We found three distinct transition states for this process: TS5-C 2 H 2 , TS5-C 2 H 2 Ј, and TS5-C 2 H 2 Љ ͑see products of the initial C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction are very exothermic as they lie 100.7 kcal/ mol below the reactants. Also, not surprisingly, the barrier for the reaction of two acetylene molecules is calculated to be as high as 72 kcal/ mol, which is in accordance with the Woodward-Hoffman rules.
The other highly exothermic products of the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction are HC w C-Cw CH ͑diacetylene͒ +H 2 , residing 101.3 kcal/ mol lower in energy than the reactants. The HC w C-Cw CH+H 2 product pair can be formed from 5 by 1 , 3-H 2 elimination via a C s -symmetric transition state TS5-H 2 . The peculiarity of this transition state is that it has a late character with respect to H 2 elimination as the breaking C-H bonds are stretched to 1.754 and 1.435 Å, whereas the forming H-H bond is already as short as 0.903 Å in the TS. On the other hand, the cleavage of a C-C bond in the ring and linearization of the remaining HC 4 H fragment occur later, after the transition state is cleared. The barrier at TS5-H 2 is very high, 103.3 kcal/ mol relative to 5 ͑88.2 kcal/ mol for the reverse reaction͒, so the H 2 elimination from 5 is not likely to compete with the other reaction channels. Finally, 5 can decompose to cyclopropenylidene c-
The formation of the ground CH 2 ͑X 3 B 1 ͒ is spin forbidden and the products lie 1.5 kcal/ mol higher in energy than C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 . The formation of electronically excited CH 2 ͑ 1 A 1 ͒ is spin allowed, but is energetically even less favorable. Therefore, we do not expect c-C 3 H 2 +CH 2 to be significant reaction products.
The intermediate 5 can alternatively be subjected to further isomerization. The most favorable channel is rearrangement to vinylacetylene 6. We have found two pathways for this process. The first one involves 1,2-H shift to the central carbon accompanied with a rupture of the C-C bond bridged by the migrating hydrogen atom. The corresponding TS5-6 has a planar structure, so the H migration takes place within the molecular plane. The barrier at TS5-6 is relatively low, 42.4 kcal/ mol with respect to 5. To be exact, according to IRC calculations, TS5-6 is connected in the forward direction, not straight to vinylacetylene 6, but to another vinylvinylidene intermediate 12, which is found to be a local minimum at the B3LYP/ 6-311G͑d , p͒ level and to lie 93.9 kcal/ mol below C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 . However, the barrier separating 12 from 6 is small, only 0.2 kcal/ mol at B3LYP/ 6-311G͑d , p͒ without ZPE corrections, and disappears at the B3LYP/ 6-311G͑d , p͒ + ZPE and G2M levels of theory. Taking into account possible 1 -2 kcal/ mol inaccuracies in our calculations, we conclude only that vinylvinylidene, if it exists, is a very short-lived intermediate. Although vinylvinylidene has been observed experimentally, 57 it is not expected to play a significant role in the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction. Alternatively, the 5 → 6 rearrangement can occur by a 1,4-H shift from the CH 2 at one end of the molecule to the CH group at the other end accompanied by the ring closure. However, the calculated barrier at the 1,4-H shift TS5-6Ј is 36.2 kcal/ mol higher than the barrier at TS5-6 and the 1,4-H migration pathway is not expected to be competitive. Isomer 6 can also be formed directly from 3 by a 2,3-hydrogen migration. The corresponding barrier at TS3-6 is relatively low, 16.8 kcal/ mol with respect to 3.
Vinylacetylene 6 is the most stable isomer of the C 4 H 4 molecule and lies 139.8 kcal/ mol lower in energy than the initial reactants. Dissociation of 6 can occur by eliminations of hydrogen atoms from different positions or by a cleavage of the single C-C bond. The weakest C-H bond in vinylacetylene is at the carbon at position 3 ͑from left to right in Fig. 1͒ . Its cleavage is endothermic by 102.5 kcal/ mol, occurs without an exit barrier, and leads to the H 2 C v C v C v CH · ͑i-C 4 H 3 ͒ + H products with overall reaction energy of −37.3 kcal/ mol. On the other hand, hydrogen loss from the terminal CH 2 group results in cis ͑E͒ and trans ͑Z͒ conformations of the n-C 4 H 3 radical, which lie 11.6 and 11.9 kcal/ mol higher in energy than i-C 4 H 3 respectively. It should be noted that the most recent calculations by Wheeler et al. 55 carried out to subchemical accuracy gave the energy difference between i-C 4 H 3 and n-C 4 H 3 as 11.8 kcal/ mol. Thus, the C-H bond strength in the CH 2 group of vinylacetylene are ϳ114 kcal/ mol. As expected, these bonds also break without exit barriers. A rupture of the ordinary C-C bond in 6 leads to the C 2 H 3 +C 2 H products. This C-C bond is stronger than the C-H bonds and the dissociation is 138.6 kcal/ mol endothermic. The vinyl+ ethynyl products lie only 1.2 kcal/ mol below the initial reactants and should not significantly contribute to the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction. Another theoretical possibility for the formation of the C 2 H 3 +C 2 H products is a direct hydrogen abstraction from ethylene by singlet dicarbon. However, we were not able to locate a first-order saddle point for this process. The ground state singlet potential energy surface is strongly attractive when C 2 ͑ 1 ⌺ g + ͒ approaches the double bond in ethylene and adds to it without a barrier. Therefore, we do not anticipate the H abstraction to play an important role unless some direct trajectories exist that are accessible at high collision energies.
Isomer 6 can undergo further isomerization. For instance, it can rearrange to methylpropargylene HCCCCH 3 by 3,4-H migration via TS6-7 over a barrier of 70.3 kcal/ mol. Alternatively, cyclobutadiene 10 can be formed via transition state TS6-10, overcoming a higher barrier of 87.7 kcal/ mol ͑see Fig. 6͒ . TS6-10 has C s symmetry and can be described as a transition state for a 1,2-H shift in cyclobutadiene, which takes place synchronously with a cleavage of the single C-C bond between the carbon atoms involved in the hydrogen migration. Formally, the vinylvinylidene structure 12 is produced from 10 as a result of this rearrangement, but 12 is at best a metastable local minimum, which easily isomerizes to the much more favorable vinylacetylene intermediate 6 by the 2,1-H shift. Finally, if the 3,4-H shift in 6 is accompanied by the three-member ring closure ͑at TS6-13͒, the methylcyclopropenylidene intermediate 13 can be formed. However, the barrier for this rearrangement is calculated to be even higher, 97.0 kcal/ mol relative to 6. Again, formally, TS6-13 connects 13 with vi- nylvinylidene 12, but a facile 2,1-H migration in the latter leads to vinylacetylene.
There exist two possible dissociation pathways of methylpropargylene 7, which resides 80.1 kcal/ mol lower in energy than C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 . The H loss from the CH 3 group leads to i-C 4 H 3 + H without an exit barrier. The C-H bond strength in the methyl group of 7 is calculated to be rather low, only 42.8 kcal/ mol. Theoretically, the hydrogen atom can also be eliminated from the terminal CH group. However, our earlier calculations 56 have shown that the :C v C v C · -CH 3 isomer of C 4 H 3 is 39.5 kcal/ mol less favorable than H 2 C v C v C v CH · , and hence, the C-H bond in CH is much stronger than that in CH 3 and the cleavage of the former is not likely to compete with the cleavage of the latter. If the C -CH 3 carbon-carbon bond in 7 is broken, the reaction products are l-C 3 H+CH 3 . However, these products reside only 1.9 kcal/ mol below the initial reactants and the C-C bond is 35.4 kcal/ mol stronger than the C-H bond in the methyl group. Consequently, we do not expect the l-C 3 H+CH 3 products to play a significant role in the reaction. Intermediate 7 can also isomerize to the cyclic structure 13. This process is analogous to the isomerization of propargylene to cyclopropenylidene in the C 3 H 2 system. 58 The optimized geometry of the corresponding TS7-13 is quite similar to the TS structure for the propargylene to cyclopropenylidene isomerization described earlier. 58 The only notable difference is that the latter is C 2 symmetric, but in the former the symmetry is lost because of the presence of the methyl group substituting a H atom. The barriers at TS7-13, 35.1 and 59.5 kcal/ mol relative to 7 and 13, are also close to the corresponding values for C 3 H 2 , 37.4 and 61.3 kcal/ mol relative to propargylene and cyclopropenylidene, respectively. 58 The rearrangement via TS7-13 involves a cleavage of the double C v C bond in the three-member ring of 13. Alternatively, a single C-C bond in the ring can be cleaved leading to a CCHCCH 3 structure. However, the latter is not a local minimum and spontaneously rearranges to HC : -C w C-CH 3 ͑7͒. Therefore, the corresponding transition state, TS7-13Ј ͑Fig. 2͒, also connects intermediates 7 and 13, but through a different pathway. The barrier is higher in this case, as TS7-13Ј lies 15.3 kcal/ mol above TS7-13. The cyclobutadiene isomer 10, 106.4 kcal/ mol lower in energy than C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 , can be formed not only from methyacetylene 6, but also from 5 through a three-step pathway involving intermediates 8 and 9 ͑Fig. 6͒. At the first step of this pathway, the molecule undergoes hydrogen atom migration from the CH 2 group in 5 to the central carbon to form a nonplanar C s -symmetric three-member ring structure 8, 51.3 kcal/ mol below the initial reactants, over a barrier of 77.7 kcal/ mol. 8 is a metastable intermediate, which is subjected to a closure of the second three-member cycle to produce another bicyclic C 2v -symmetric intermediate 9, 87.6 kcal/ mol below C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 . The barrier separating 8 from 9 is only 0.5 kcal/ mol. Structure 9 is also a metastable local minimum and a cleavage of the weak diagonal C-C bond ͑1.655 Å͒ adjoining the two three-member rings leads to cyclobutadiene 10 via a 2.5 kcal/ mol barrier. Meanwhile, 9 also serves as a precursor for the formation of tetrahedrane 11. The formation of an additional C-C bond between two unconnected carbon atoms in 9 results in the tetrahedral structure overcoming a barrier of 37.1 kcal/ mol at TS9-11. Thus, the tetrahedrane isomer of C 4 H 4 can be formed either from methylenecyclopropene via the 5 → 8 → 9 → 11 pathway with the highest barrier of 77.7 kcal/ mol relative to 5, or from vinylacetylene or cyclobutadiene via the 6 → 10→ 9 → 11 pathway with the highest barriers of 89.3 and 55.9 kcal/ mol relative to 6 and 10, respectively, corresponding to the last reaction step. Tetrahedrane resides in a potential well of 81.1 kcal/ mol and is separated from 9 by a barrier of 30.6 kcal/ mol.
Among the two reaction mechanisms leading from 5 to cyclobutadiene 10, 5 → 6 → 10 and 5 → 8 → 9 → 10, the former is preferable because the highest in energy transition state TS6-10 for this pathway is 13.4 kcal/ mol lower than TS5-8, the critical transition state on the latter pathway. For the same reason, the formation of tetrahedrane is more likely via 6, 10, and 9 than via 8 and 9. Cyclobutadiene can decompose directly to diacetylene+ H 2 by 1 , 2-H 2 elimination accompanied with the four-member ring opening via TS10-H 2 . However, such decomposition is unlikely because the barrier is high, 85.2 and 80.1 kcal/ mol in the forward and reverse directions, respectively.
Cyclobutadiene can be also formed directly from allenylcarbene 3 by a 4,3-H shift via TS3-10. Formally, this hydrogen migration should lead to a cis-HC · v CH v CH v CH · structure and the corresponding local minimum was indeed found at the spin-unrestricted UB3LYP level of theory. However, this structure features two unpaired electrons with opposite spins located at different molecular orbitals. Such open-shell singlet wave functions may not be properly described by single-reference methods and therefore CASSCF͑12,12͒ geometry optimization was carried out. This optimization converged to cyclobutadiene 10, allowing us to conclude that cis-
· is not a local minimum and TS3-10 actually connects allenylcarbene with cyclobutadiene. The barrier for this rearrangement is very high, 53.3 kcal/ mol relative to 3 and it is not likely to occur considering that 3 is a metastable intermediate separated from 5 by a barrier as low as 0.5 kcal/ mol.
A trans conformation of the HC · v CH v CH v CH · structure corresponds to a local minimum 15 and is involved in the direct ͑two-step͒ dissociation pathway of cyclobutadiene to two acetylene molecules. Because of a multireference character of wave functions for 15 and the adjoining transition states TS10-15 and TS15-C 2 H 2 , their energies were computed at the CASPT2 / 6-311+ G͑3df ,2p͒ / / CASSCF/ 6-311G͑d , p͒ level. Similar multireference calculations were also carried out for cyclobutadiene to obtain relative CASPT2 energies of 15 and the two transition states with respect to 10. On the pathway from 10 to 15, the ring opening is followed by rotation around the central C-C bond. TS10-15 looks like a transition state for rotation around the central C-C bond in HC · v CH v CH v CH · , i.e., for transcis isomerization of this structure. However, as soon as the rotation is completed, the cis conformation undergoes a spontaneous ring closure and therefore TS10-15 indeed connects 15 with cyclobutadiene. The barrier for the ring opening/rotation in 10 is calculated to be 45.8 kcal/ mol. 15 decomposes to C 2 H 2 +C 2 H 2 by cleaving the central C-C bond via a low, 2.5 kcal/ mol, barrier at TS15-C 2 H 2 . The overall dissociation mechanism can be written as cyclobutadine 10→ TS10-15→ 15→ TS15-C 2 H 2 → C 2 H 2 +C 2 H 2 with the highest barrier at the first step.
We also tried to find a transition state for direct dissociation of tetrahedrane to two acetylene molecules. However, the optimization converged to TS8-C 2 H 2 connecting C 2 H 2 +C 2 H 2 with the cyclic isomer 8. Thus, the pathway from tetrahedrane to two acetylenes involves sequential cleavage of four C-C bonds via three steps: 11→ 9 ͑one bond is broken͒, 9 → 8 ͑another bond is cleaved͒, and finally, 8 → C 2 H 2 +C 2 H 2 ͑two C-C bonds are broken in an asynchronous manner as seen from the geometry of TS8-C 2 H 2 shown in Fig. 2͒ . The highest barrier, 37.4 kcal/ mol relative to 11, is found for the last reaction step. Considering the reverse C 2 H 2 +C 2 H 2 reaction, we conclude that it can lead to cyclobutadiene ͑C 2 H 2 +C 2 H 2 → 15→ 10 with the critical barrier of 40.1 kcal/ mol with respect to two acetylenes at TS10-15͒ and to tetrahedrane ͑C 2 H 2 +C 2 H 2 → 8 → 9 → 11, 57.0 kcal/ mol at TS8-C 2 H 2 ͒. However, the formation of tetrahedrane through the latter pathway is very unlikely because intermediate 9 would isomerize to cyclobutadiene 10 rather than to 11 over a low 2.6 kcal/ mol barrier at TS9-11. The pathway from C 2 H 2 +C 2 H 2 to methylenecyclopropene 5 exhibits an even higher barrier of 72.0 kcal/ mol.
B. Product branching ratios
According to the calculated energies of intermediates and transition states, the most favorable product channels of the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction are acetylene+ vinylidene, 1 → 2 → 3 → 5 → C 2 H 2 +CCH 2 , with the highest in energy transition state TS5-CCH 2 lying 54.1 kcal/ mol below the initial reactants, followed by 1 → 2 → H 2 C v C v C: +H 2 ͓TS2-H 2 , −43.6 kcal/ mol relative to C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 ͔, and
· + H, where the highest in energy stationary structure corresponds to the products, −37.3 kcal/ mol relative to the reactants. However, this consideration does not take into account densities of states of the transition states involved, i.e., their looseness or tightness.
In order to quantify relative yields of various possible products, we carried out microcanonical RRKM calculations of energy-dependent rate constants for individual reaction steps and solved kinetic master equations. It should be noted that this treatment assumes a complete energy randomization, which is not necessarily the case for reactive intermediates formed in the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction. Also, our treatment cannot account for impact-parameter dependent reaction dynamics. Therefore, the product branching ratios calculated here might differ from those derived in actual crossed-beam experiments. The overall kinetic scheme used in our calculations is shown in Fig. 4 . For the H loss and C-C bond cleavages ͑for instance, 2 → 2CCH 2 ͒, which do not have exit barriers, we applied VTST. The reaction coordinates in our calculations were chosen as the lengths of breaking C-H and C-C bonds. In the kinetic scheme for the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction we assumed that the reaction starts from the energized ͑chemically activated͒ intermediate 1.
The internal energy available to this and other intermediates and transition states equals the energy of chemical activation, i.e., the relative energy with respect to the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reactants plus collision energy, E col , assuming that the dominant fraction of the latter is converted to the vibrational energy and only a small portion goes to their rotational excitation. This assumption is most valid for reactive collisions with a small impact parameter, which do not introduce a significant torque.
Rate constants were calculated for different collision energies, from 0 to 10 kcal/ mol, to match the conditions of crossed molecular beams experiments. 30, 31 The calculated values of rate constants are given in the supplement to this paper. 49 Almost all of the rate constants at these conditions are safely lower than 10 13 s −1 , the applicability limit of RRKM theory, corresponding to a typical rate of intramolecular vibrational redistribution ͑IVR͒. The only exceptions are k 14-4 and k 9-10 for the rearrangement of bicyclobutene 14 to intermediate 4 and of 9 to cyclobutadiene 10, which slightly exceed this limit and so some deviations from the statistical behavior may be expected if molecules access these regions of the PES.
The C 2 "
1 ⌺ g + … +C 2 H 4 reaction The calculated product branching ratios of the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction for E col =0-10 kcal/ mol are collected in Table II͑a͒ and illustrated in Fig. 7͑a͒ . One can see that two reaction channels are most important. At E col = 0, the branching ratios of the C 2 H 2 + CCH 2 and H 2 C v C v C v CH · ͑i-C 4 H 3 ͒ + H products are 48.6% and 41.3%, respectively. The third significant reaction channel, 6.1%, is H 2 CCCC +H 2 . Minor product channels include diacetylene+ H 2 ͑1.8%͒, E and Z conformations of n-C 4 H 3 +H ͑totally, 0.4%͒, and acetylene+ acetylene ͑under 1.8%͒. As the collision energy increases to 10 kcal/ mol, the relative yield of i-C 4 H 3 increases to 52.6%, but that of C 2 H 2 + CCH 2 decreases to 35.5%. The branching ratios of the other products are affected only slightly; the most significant change found among them is an increase of the H 2 C v C v C v C: +H 2 branching ratio by 1.5%. The behavior of the branching ratios can be explained in terms of the reaction mechanism and calculated rate constants. For instance, both H 2 C v C v C v C: +H 2 and i-C 4 H 3 + H products can be formed from the same precursor, butatriene 2. Despite the fact that the barrier for the H 2 loss from 2 is 6.3 cal/ mol lower than the energy required for H elimination, variational transition states for the latter are much looser than the tight TS2-H 2 . As a result, the variational transition states have higher densities of states at the same available energy and at E col =0, k 2-H is a factor of 5.1 higher than k 2-H2 for the H 2 loss. The k 2-H / k 2-H2 ratio slightly increases with increasing collision energy, to 5.3 at E col = 10 kcal/ mol. The i-C 4 H 3 + H and C 2 H 2 +CCH 2 products are formed from different C 4 H 4 intermediates and therefore their relative yields depend on many factors, technically, on the rate constants of all individual reaction steps. A better insight on the behavior of branching ratios of these products can be obtained if we consider the following ͑simplified͒ reaction scheme:
and solve kinetics equations in the steady-state approximation. Rate constants involved in these reaction steps and relative concentrations of intermediates 3-6 with respect to the concentration of the initial intermediate 2 are presented in Table III . One can see that the rate constant for decomposition of 5 to acetylene and vinylidene at E col = 0 is a factor of ϳ58 higher than that for the H loss from butatriene 2. This is not surprising because TS5-CCH 2 lies 17 kcal/ mol lower in energy than i-C 4 H 3 + H and also 5 is 16.1 kcal/ mol less stable than 2. However, the steady-state concentration of 5 is only about 3% relative to the concentration of 2. This means that at the steady-state regime only a small amount of intermediate 5 is present in the system as compared to the amount of 2. As a result, the rate constants for the formation of C 2 H 2 + CCH 2 from 2 via 5 and of i-C 4 H 3 + H directly from 2 are of the same order of magnitude. If the collision energy increases, k 2-H rises faster than k 5-CCH2 ; the former increases by a factor of 3.9 and the latter by a factor of 2.4 when E col reaches 10 kcal/ mol. This is an effect of a looser character ͑a higher density of states͒ of variational transition states for the H loss from 2 as compared to TS5-CCH 2 . In addition, the relative concentration of 5 slightly decreases with E col . Consequently, the relative yield of the i-C 4 H 3 + H products increases as compared to that of C 2 H 2 +CCH 2 . Not all of i-C 4 H 3 + H are formed directly from 2, some of them are produced by H elimination from vinylacetylene 6. The rate constant k 6-H for the H loss from 6 to form i-C 4 H 3 is 8.94 times lower ͑at E col =0͒ than k 2-H . On the other hand, 6 is 7.3 kcal/ mol more stable than 2 and the steady-state concen- tration of the former is a factor of 1.7 higher than the concentration of the latter. Thus, in this simplified consideration, about 1 / 6 of the i-C 4 H 3 + H products at E col = 0 are formed from vinylacetylene. This fraction slightly decreases at higher collision energies. We can also see that the use of the simplified reaction scheme results in the overestimation of the overall C 2 H 2 + CCH 2 / i-C 4 H 3 + H branching ratio as compared to the value obtained from the calculations using the complete reaction scheme. This indicates that i-C 4 H 3 + H can be additionally produced from intermediate 7. Indeed, accurate calculations of the relative yields of i-C 4 H 3 + H using the complete kinetic scheme show that about 3 / 4 of these products are formed from butatriene 2, and 1 / 8 each from vinylacetylene 6 and methylpropargylene 7 ͓see Table II͑a͔͒ .
The C" 1 D… +C 3 H 4 reactions
Since the reactions of electronically excited C͑ 1 D͒ atoms with the C 3 H 4 isomers explore the same singlet C 4 H 4 PES, we also calculated product branching ratios for these reactions. The reaction with allene starts with barrierless addition of the carbon atom to a C v C double bond to form the cyclic intermediate 4. Table II͑b͒ and Fig.  7͑b͒ . We can see a continuation of the trends observed for the products of C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 with increasing collision energy. The major products are i-C 4 H 3 +H ͑55.1% at E col =0͒ and C 2 H 2 + CCH 2 ͑29.3%͒. The relative yields of the minor products increase as compared to those for the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction; the yield of H 2 C v C v C v C: +H 2 reaches 8.4% and those of the other products are in the range of 1%-2%. The changes in the branching ratios with E col rising from 0 to 10 kcal/ mol are insignificant.
The product branching ratios for the C͑ 1 D͒ +H 3 CCCH reaction are rather different because, although the chemical activation energy in this case is close to that for C͑ 1 D͒ + allene, the reaction with methylacetylene accesses a different area of PES. It starts with barrier-free addition of the carbon atom to the triple C w C bond of methylacetylene to produce the methylcyclopropenylidene intermediate 13. ͓One cannot exclude direct insertion of highly reactive C͑ 1 D͒ into C-C and C-H bonds, but since the same region will be accessed after such insertions, we do not expect that they can significantly affect statistical branching ratios, although actual reaction dynamics could be different.͔ The calculated branching ratios shown in Table II͑c͒ and Fig. 7͑c͒ indicate that the major products are i-C 4 H 3 + H, 65.0%-68.8% at E col =0-10 kcal/ mol. The relative yield of the acetylene+ vinylidene products in this case is much lower, 18.4%-13.6%. Also, the most significant product of H 2 elimination is not H 2 C v C v C v C: but diacetylene, ϳ8%, which can be formed from the intermediate 7. The yield of n-C 4 H 3 + H produced by H loss from vinylacetylene 6, 5.3%-6.5%, also increases as compared to those in the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 and C͑ 1 D͒ + allene reactions. 1. The latter then isomerizes to butatriene 2 by C 2 insertion into the C-C bond of the C 2 H 4 fragment. Butatriene can eventually rearrange to the other isomers of C 4 H 4 , including allenylcarbene ͑3͒, methylenecyclopropene ͑5͒, vinylacetylene ͑6͒, methylpropargylene ͑7͒, cyclobutadiene ͑10͒, tetrahedrane ͑11͒, methylcyclopropenylidene ͑13͒, and bicyclobutene ͑14͒. All these C 4 H 4 isomers reside in the energy range of 70-140 kcal/ mol below the initial reactants and the transition states separating them are also significantly lower in energy than C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 . The C 4 H 4 intermediates can dissociate to a variety of exothermic reaction products through elimination of a hydrogen atom, H 2 molecule, or by cleavages of C-C bonds leading to the formation of pairs of heavy fragments, such as C 2 H 2 +C 2 H 2 , C 2 H 2 +CCH 2 , C 2 H 3 +C 2 H, and l-C 3 H+CH 3 .
IV. CONCLUSIONS
According to RRKM calculations of reaction rate constants, under single-collision conditions, the major decomposition products of the chemically activated C 4 H 4 molecule formed in the C 2 ͑ 1 ⌺ g + ͒ +C 2 H 4 reaction are acetylene + vinylidene ͑48.6% at E col =0͒ and 1-buten-3-yne-2-yl radi-
The C 2 H 2 + CCH 2 products are formed by dissociation of methylenecyclopropene 5 via the 1 → 2 → 3͑4͒ → 5 → C 2 H 2 +CCH 2 pathway, with the highest in energy transition state TS5-H 2 lying 54.3 kcal/ mol lower in energy than the initial reactants. i-C 4 H 3 + H are produced by H elimination from butatriene ͑3 / 4 of the total yield of these products at E col =0͒, vinylacetylene ͑1/8͒, and methylpropargylene ͑1/8͒. The H loss takes place without exit barriers and the highest in energy point on the pathways leading to i-C 4 H 3 + H are the products themselves, 37.3 kcal/ mol below the initial reactants. The most significant minor reaction products are H 2 C v C v C v C: +H 2 ͑about 6%͒ formed by H 2 elimination from butatriene. As the collision energy increases from 0 to 10 kcal/ mol, the relative yield of i-C 4 H 3 + H rises to 52.6% and that of C 2 H 2 +CCH 2 drops to 35.5%.
The conclusion that i-C 4 H 3 + H and C 2 H 2 + CCH 2 are the most important reaction products are in general agreement 12,30,31 However, C 2 H 2 heavy fragments were difficult to detect in these experiments; the detector is currently switched to soft electron impact ionization mode to investigate this hitherto elusive channel. On the other hand, in the matrix isolation experiment on photodissociation of allenylcarbene, only vinylacetylene and acetylene were detected. 9 In this experiment, the C 4 H 4 intermediates could be stabilized by secondary collisions and therefore the observation of vinylacetylene, the most stable C 4 H 4 isomer, is not surprising. Vinylidene is a metastable isomer of C 2 H 2 , which apparently did not survive isomerization to acetylene. Nonobservation of i-C 4 H 3 indicates that this product is unstable with respect to secondary encounters ͑such as recombination with H atoms͒.
The reaction of electronically excited C͑ 1 D͒ atoms with allene initially produces the cyclic intermediate 4 without a barrier. According to RRKM calculations, if this reaction follows a statistical behavior, the major products are also i-C 4 H 3 +H ͑55%͒ and C 2 H 2 +CCH 2 ͑30%͒ and the most significant minor products are H 2 C v C v C v C: +H 2 ͑8%͒. On the other hand, the C͑ 1 D͒ + methylacetylene reaction initially forms methylcyclopropenylidene 13 ͑with high exothermicity and without a barrier͒ and accesses a different region of the C 4 H 4 singlet PES. The calculated product branching ratios for this reaction are therefore different: 65%-69% for i-C 4 H 3 + H, 18%-14% for C 2 H 2 +CCH 2 , and about 8% for diacetylene+ H 2 .
